I
N MAMMALS, THE SEX-determining region of the Y chromosome (SRY) is a dominant gene necessary and sufficient to initiate gonadal development leading to testis formation (1) . In the absence of SRY, an ovary forms and a female develops. In chromosomally XY humans, mutations in the SRY gene gives rise to maleto-female sex reversal (2) . Although only 15% of XY female patients carry mutations in SRY, almost all XY female patients with SRY mutations show complete gonadal dysgenesis (Swyer syndrome). Swyer syndrome XY patients develop as females with both female internal and external genitalia but lack ovarian function (3) .
Human SRY contains a 80-amino-acid high mobility group (HMG) box, which is well-conserved across mammalian species. Because this DNA-binding motif also induces a bend in DNA (4, 5) , SRY is often described as an architectural transcription factor. The two domains on either side of the HMG box exhibit little interspecies conservation and do not resemble any obvious conserved structure. Studies on the transcriptional function of SRY have been hampered by the lack of identified in vivo targets, and conflicting reports have been published. Using model transactivation assays in culture cells, SRY can act as a weak transcriptional activator or repressor (6) .
The importance of the HMG box to SRY function is highlighted by the fact that most Swyer syndrome mutations of SRY are clustered within this motif (see Ref. 7 for a recent review). In some cases, mutations in the HMG box reduce DNA-binding and/or DNA-bending activities of the protein. However several SRY mutants show wild-type DNA binding and bending, suggesting that they may be affecting yet unidentified activities of SRY (8) (9) (10) (11) .
The DNA binding HMG domain of SRY contains two independent nuclear localization signals (NLSs), one at each end ( Fig. 1) (12, 13) . The overlap of nuclear import and DNA binding regions is conserved in 90% of DNA binding proteins, possibly as a result of the evolution of the nucleus as the DNA-containing compartment (14) . Importin-␤, which traffics cargo through the nuclear pore complex (15) , binds the C-terminal NLS (c-NLS; amino acids 131-134) of SRY (16) , which con-sists of a short stretch of basic residues, resembling the NLS of the simian virus 40 (SV40) large T antigen ( Fig. 1) (17) . The N-terminal NLS (n-NLS; amino acids 59-77) consists of two highly basic regions separated by 11 residues, resembling the bipartite NLS identified in nucleoplasmin (18) . Recently, we showed that an import-defective SRY mutant encoded by an XY female with the amino acid substitution R133W had defective importin-␤ binding, presumably as a direct consequence of the mutation in the c-NLS ( Fig. 1 and Table 1 ) (11) . This represented the first documented case of a human disease explained at the molecular level by the impaired ability of a protein to accumulate in the nucleus. In contrast, two other import-defective and XY sex-reversing SRY proteins with missense mutations in their n-NLS, R75N and R76P, bind normally to importin-␤, suggesting a defect elsewhere in an import pathway ( Fig. 1 and Table 1 ) (11) . Table 1 summarizes the clinical and biochemical data of SRY from the three Swyer patients with known import defects carrying the R75N, R76P, and R133W mutations (19) (20) (21) .
The n-NLS region of SRY can interact with calmodulin (CaM) in a calcium-dependent manner in vitro (22) , and, although some evidence exists for a role for CaM in nuclear import, a direct role is controversial (23, 24) . Given that a CaM-dependent nuclear import pathway for transcription factors has been reported (24, 25) , we hypothesize that the SRY-CaM interaction is required for SRY nuclear import and for subsequent testis determination to occur.
RESULTS AND DISCUSSION

SRY Colocalizes and Interacts with CaM in COS7 Cells
We previously showed by native gel electrophoresis that the SRY HMG box interacts with CaM in a calcium-dependent manner through a 25-amino-acid sequence located in helix 1 of the SRY HMG box, which encompasses the n-NLS ( Fig. 1) (22) . The sequence of this domain is highly conserved in other members of the SOX (SRY-related HMG box) family and has been shown to bind CaM also in SOX9 ( Fig. 1) (26) .
To further study the interaction of SRY and CaM, we first investigated the localization of SRY and CaM by indirect immunofluorescence in COS7 cells transiently transfected with SRY. Both SRY and CaM were located predominantly in the nuclei of SRY-expressing transfected cells ( Fig. 2A) . Western blotting was carried out on COS7 cells transiently transfected with the SRY expression vector or the empty control vector, which showed that the SRY antibody and the CaM antibody were specific for SRY and CaM, respectively (Fig. 2B) . Immunoprecipitation pull-down experiments were subsequently carried out on the above-described cell lysates to examine whether SRY and CaM interact. SRY was detected by Western blotting in cell extracts that had been immunoprecipitated with a CaM antibody in the presence of calcium [ Fig. 2C(i) ]. The interaction was not observed when the immunoprecipitation was carried out in the presence of EGTA or when an unrelated monoclonal antibody was used.
The reverse experiment was also performed using the SRY antibody to coimmunoprecipitate CaM, which was detected using a CaM monoclonal antibody [ Fig. 2C (ii)]. These data suggest a physical interaction between SRY and CaM in cells. (28), implying that a direct interaction between the SRY HMG box and CaM is plausible. The similarity between wild-type SRY and mutant affinities suggests that these mutations did not affect binding kinetics between the HMG domain and CaM.
Next, we investigated whether SRY mutations altered the structure of the HMG-CaM complex. The overall conformation of the wild-type and mutant SRY in the free and CaM-bound states was measured by tryptophan fluorescence spectroscopy. Tryptophan fluorescence emitted from proteins activated by UV excitation is sensitive to the microenvironment around the hydrophobic indole chromophore of tryptophan residues. Changes in tryptophan fluorescence can provide information concerning changes in protein structure and dynamics. The SRY HMG domain contains three ␣-helices, each contributing a tryptophan to the hydrophobic core, which stabilizes the domain (29) . We have shown previously that the fluorescence emission of the SRY HMG box undergoes characteristic shifts in wavelength maximum upon CaM binding when compared with free SRY HMG box (22) . In these studies, we measured the fluorescence properties of SRY HMG protein and mutants R75N, R76P, and R133W. Tryptophan residues within the proteins were selectively excited with UV radiation of 295-nm wavelength, and their emission was measured from 300-500 nm. Red shifts in wavelength maxima of the free protein form suggest that the n-NLS mutants R75N (350 nm) and R76P (349 nm) have a different conformation to the wild-type protein (346 nm) and to the c-NLS mutant R133W (345 nm). The addition of CaM in the presence of Ca 2ϩ caused an increase in the HMG box fluorescence and a blue shift in the emission wavelength maxima of all four proteins, although a smaller blue shift was observed in the n-NLS mutants (data not shown). The addition of EGTA reversed these changes, suggesting that the Ca 2ϩ -dependent changes are reversible in both the wild-type SRY and all three mutant HMG proteins (data not shown). Hence, despite small changes in the protein conformation of the free form of the mutants, this did not affect their ability to bind CaM reversibly in the presence of Ca 2ϩ . To investigate further the accessibility of tryptophan residues of SRY and mutant HMG proteins, the addition of acrylamide quenching agent to SRY and the mutant HMG proteins alone showed similar changes in fluorescence intensity (5-fold reduction) and wavelength maximum (red shift of 6 nm) (Fig.  3B) . In contrast, in HMG.CaM complexes, a minimal blue shift in emission wavelength maximum (Ͻ2 nm; typical variation Ϯ 1 nm) was observed for both wild-type SRY HMG.CaM and R133W HMG.CaM, whereas dramatic changes were observed for R75N HMG.CaM (10 nm) and for R76P.CaM (6 nm) (Fig.  3B ). This suggests that the wild-type and R133W HMG boxes have similar tryptophan shielding properties, whereas in the R75N and R76P mutants, where larger shifts in average emission wavelengths was observed, differential shielding was evident. Hence, the conformations sensed by the tryptophan residues in SRY HMG.CaM complexes are different between n-NLS mutants, R75N and R76P, and wildtype or importin-␤-binding defective mutant R133W. This indicates that sex-reversing SRY mutations in the HMG domain change the structure of the HMG.CaM complex, which may in turn alter recognition by the nuclear import machinery.
Calmidazolium Chloride (CDZ) Inhibits Ca 2؉ -Dependent Interaction between SRY and CaM in Vitro and in Vivo
A CaM antagonist, CDZ, is an imidazole compound that binds strongly to the hydrophobic surface of CaM, preventing the binding of Ca 2ϩ and thereby preventing correct folding of active CaM (30, 31) . To test whether CDZ antagonizes SRY.CaM interaction, SRY HMG and CaM were incubated in the presence EGTA or in the presence of calcium and increasing CDZ, and complexes were resolved by native gel electrophoresis. As previously reported (22) , stained protein bands were not observed in lanes containing SRY HMG alone because SRY HMG migrates toward the cathode. The migration of Ca 2ϩ -bound CaM was retarded compared with CaM in the presence of EGTA, and the Ca 2ϩ -CaM.SRY HMG protein interaction band was only observed when the reactions were carried out in the presence of calcium (Fig. 4A) . Increasing concentrations of CDZ inhibited the formation of the SRY HMG.CaM complex in vitro in a dose-dependent manner, exhibiting the greatest effect at 30 M (Fig. 4A) . In addition, increasing CDZ resulted in a corresponding increase in the formation of a faster migrating CaM-CDZ protein band (solid circle, Fig. 4A ). To test whether CDZ affects SRY and CaM binding in vivo, SRY-expressing COS7 cell lysates were immunoprecipitated with either the SRY or the CaM anti- body in the presence or absence of CDZ. CDZ reduced the interaction between SRY and CaM, resulting in less coimmunoprecipitated SRY or CaM detected (Fig. 4B) .
CDZ Inhibits SRY Nuclear Import
To test whether the interaction between SRY and CaM has a physiological role in cells, we measured SRY nuclear import by indirect immunofluorescence in SRY-transfected cells treated with CDZ (Fig. 5A, left  panel) . SRY is normally localized exclusively in the nucleus of untreated, transfected COS7 cells. Upon addition of CDZ, the subcellular location of SRY protein immunofluorescence changed from predominantly nuclear (F n/c 13.5) to both nuclear and cytoplasmic (F n/c 2.4), indicating that a CaM-dependent nuclear import pathway was inhibited (Fig. 5A, left  panel) . Treatment of cells with EGTA also inhibited SRY interaction with CaM (data not shown), as for SOX9 (26) , demonstrating that Ca 2ϩ -bound CaM is required for SRY nuclear import.
Defective CaM-Mediated SRY Nuclear Import in Two Cases of XY Sex Reversal
SRY mutants from three XY females tested displayed impaired nuclear import (11) . R133W showed defective importin-␤ binding, whereas R75N and R76P had normal importin-␤ binding activity (Table  1, Ref. 11) . In contrast to wild-type SRY, we observed no effect of CDZ upon nuclear accumulation in the R75N mutant in transiently transfected cells (Fig. 5A) , suggesting that the CaM-mediated nuclear import pathway is not active in this mutant. In the absence of CDZ, the R76P mutant shows approximately 50% (7.3/13.5) of wild-type SRY nuclear accumulation (Table 1 and Ref. 11). CDZ treatment further reduced the nuclear accumulation of the R76P mutant (F n/c 2.7) to a level similar to that of CDZ-treated wild type SRY (F n/c 2.4) (Fig. 5A) . This implies that, in untreated cells, the CaM-mediated pathway is only partially active for R76P. In contrast, CDZ treatment of the R133W mutant decreased nuclear accumulation to levels below those of wildtype SRY, consistent with importin-␤ binding also being defective in this mutant. Hence, at least two critical factors are needed for nuclear import of SRY, importin-␤ and CaM.
To rule out that the above-described data were nonspecific effects of CDZ, two other proteins with reported importin-␤-mediated nuclear import, IGF-binding protein-3 (IGFBP-3) (32) and PTHrP (33), were tested. Both were unaffected by CDZ treatment (Fig.  5B) .
A Model for Nuclear Import of SRY in Normal Males and XY Females
The model in Fig. 6 summarizes our current thinking of SRY nuclear import mechanisms. Sex is determined at wk 7 of gestation in the XY embryo when SRY is first expressed in the somatic cells of the genital ridge (Fig. 6A) . SRY is normally imported into the cell nucleus by two mechanisms, one facilitated by SRY binding to CaM and the other involving SRY binding to importin-␤ (Fig. 6B) . In certain XY females, SRY mutations (shown as asterisks) affect SRY nuclear import, preventing gene activation either by blocking SRY-importin-␤ binding or by blocking SRY-CaM binding. The DNA-binding and -bending activities of the c-NLS SRY mutant R133W are normal and its n-NLS/CaM-dependent import pathway is functional, as demonstrated by a reduction in nuclear import upon CDZ treatment (Fig. 5A) . Thus, for R133W, XY sex reversal is the direct consequence of reduced importin-␤ binding and subsequent nuclear import mediated by the c-NLS/ importin-␤ pathway (Fig. 6C) . In XY females carrying the R75N and R76P mutations, the c-NLS/importin-␤ pathway is probably functional, as both mutants bind importin-␤ normally (11) . Therefore, re- duced nuclear import of R75N and R76P is most likely due to an impaired n-NLS/CaM-dependent import pathway. In the case of R76P, the HMG structure is similar to that of wild-type SRY, as indicated by fluorescence, DNA-binding, DNA-bending, and importin-␤-mediated import activities. This suggests that defective CaM recognition could be the sole molecular defect in this mutant, leading to inefficient CaM-mediated import (Fig. 6D) . The fact that mutant SRY proteins encoded by XY females show deficient CaM-dependent nuclear import imply that this activity of SRY is necessary for sex determination. If a threshold level of SRY protein in the nucleus of primordial Sertoli cells at the time of testis determination is not reached, XY sex reversal can occur.
Given that CaM binds distant members of the HMG domain superfamily (such as HMG1 and a SOX protein) (11, 26) and that the human genome contains over 100 genes encoding HMG domain proteins, it is very likely that other clinical syndromes could involve defects in analogous CaM recognition mechanisms.
MATERIALS AND METHODS
Cell Types and Culture
Monkey epithelial COS7 cells were cultured as a monolayer in DMEM (GIBCO, Rockville, MD), supplemented with 10% (vol/ vol) fetal calf serum, 1% L-glutamine, and 1% (vol/vol) penicillin/streptomycin.
Transient Transfection
COS7 cells were transfected by FuGene 6 as recommended by the manufacturers (Roche Diagnostics, Indianapolis, IN). The CaM antagonist CDZ (Sigma Aldrich, St. Louis, MO), was added 24 h after transfection and incubated for an additional 24 h before further processing.
Immunohistochemistry
After transfection and drug treatment, immunohistochemistry was carried out as described previously (34) . The primary antibodies used include the affinity-purified sheep antihuman SRY (1:400) and monoclonal anti-CaM (1:500) (Upstate Biotechnology, Lake Placid, NY) antibodies. The secondary antibodies used include Alexa 488-conjugated donkey antisheep IgG and donkey antimouse IgG and Alexa 647-conjugated donkey antimouse IgG antibodies (Molecular Probes, A, pcDNA3-SRY wild-type (wt, 1.5 g) or pcDNA3-SRY mutant (R75N, R76P, or R133W) were transiently transfected into COS7 cells using Fugene 6. Twenty-four hours after transfection, the cells were treated with 5 M CDZ for an additional 24 h before immunostaining. Exogenous SRY expression was detected with a green fluorescent Alexa-488 dye-coupled secondary antibody, whereas 4Ј,6-diamidino-2-phenylindole-stained DNA determined the location of the nuclei. SRY fluorescence was visualized by confocal microscopy and quantitated as previously described (26 Eugene, OR). DNA was stained with 0.1 g/ml of 4Ј,6-diamidino-2-phenylindole or To-Pro 3 (Molecular Probes). Confocal laser scanning microscopy (FV500; Olympus, Melville, NY) was used for quantitation of nuclear accumulation of SRY protein, and image analysis was performed by using NIH ImageJ (public domain software). Briefly, measurements were taken of the density of fluorescence from the cytoplasm and the nucleus with the background fluorescence subtracted from the equation: F n/c ϭ (n Ϫ bkgdn)/(cp Ϫ bkgdcp), where n ϭ nucleus and bkgdn ϭ background in the nucleus, cp ϭ cytoplasm and bkgdcp ϭ background in the cytoplasm.
Preparation of Antibodies against Human SRY
Antibodies against human SRY were generated in sheep using a peptide (PP4), which corresponds to the C-terminal 15 amino acids of the human SRY protein. SRY antibodies were affinity-purified from sheep serum using the PP4 peptide covalently coupled to cyanogen bromide-activated Sepharose-4B (Amersham Pharmacia, Uppsala, Sweden).
Immunoprecipitation
Total cell extracts prepared from transfected cells in RIPA buffer (150 mM NaCl; 50 mM Tris-HCl, pH 7.5; 0.25% sodium deoxycholate; 0.1% Nonidet P-40; 1 mM NaF; 1 mM sodium orthovanadate; 1 mM phenylmethylsulfonyl fluoride; 10 g/ml aprotinin; and 10 g/ml leupeptin) were precleared by addition of protein G-Sepharose beads (25 l/reaction) at 4 C for 30 min, before being subjected to immunoprecipitation with 1 g of monoclonal CaM antibody (Upstate Biotechnology).
Antibody/cell lysates were incubated at 4 C overnight. Next, 25 l preequilibrated protein G beads were added and samples incubated for an additional 4 h. Immunoprecipitates were then washed five times with RIPA buffer before protein separation by SDS-PAGE and subjected to immunodetection with SRY antibody.
SRY and Mutant HMG Protein Production and Purification
Recombinant wild-type SRY and mutant HMG proteins (amino acids 59-136) were expressed and purified from E. coli as described previously (27) .
CaM Production and purification
The pKK-CaM3 bacterial expression vector was a generous gift from Dr. E. E. Strehler (Mayo Clinic College of Medicine, Rochester, MN). Recombinant human CaM was expressed and purified from E. coli as described previously (35) .
Native Polyacrylamide Gel Electrophoresis
Gel and buffer composition were essentially as for SDS-PAGE in standard Tris-glycine buffers but lacking sodium dodecyl sulfate and consisting of a 12.5% separating gel and a 5% stacking gel (22) . Reaction mixtures were made to a final volume of 20 l, typically containing 35 M CaM and 40 M purified SRY HMG box protein in 20 mM Tris (pH 6.8), 10% glycerol, 5 mM CaCl 2 , 1 mM dithiothreitol, and 0.1% bromophenol blue. Reactions were incubated for 1 h on ice before electrophoresis. After electrophoresis, gels were stained overnight with Neuhoff stain (36).
Tryptophan Fluorescence Analysis of SRY and Mutant HMG Box/CaM Interaction
Fluorescence spectra were recorded at 20 C on a SPEX Fluorolog-2 frequency domain spectrofluorometer (SPEX Instruments, Edison, NJ) using 0.5-ml quartz cells. The solutions contained 2 M of purified SRY HMG protein, and 2 M CaM.SRY HMG box protein was incubated with CaM on ice for 30 min in 25 mM Tris (pH 7.0), 0.1 M KCl, and 50 mM CaCI 2 before fluorescence measurements were taken. Excitation of tryptophan residues was accomplished using an excitation wavelength of 295 nm from a 450-W Xenon lamp. Emission spectra were measured in the wavelength range of 300-500 nm and through a polarizer oriented at the magic angle (54.7 o ). The spectral band pass of excitation and emission was 5 nm. Spectra were fully corrected for the wavelength response of the detection system. The cell block was maintained at 20 C with a circulating water bath.
Acrylamide quenching was performed using an excitation wavelength of 295 nm to avoid tyrosine excitation and distortion by acrylamide. An aliquot of 4 M acrylamide was added to 400 l of a 2 M protein sample to a final concentration of 0.5 M, and the fluorescence intensity was recorded at 350 nm with a SPEX Fluorolog 2 frequency domain spectrofluorometer. The fluorescence was corrected for dilution and inner-filtering by acrylamide.
Fluorescence Anisotrophy Determination of Binding Affinities between SRY and Mutant HMG Proteins with Ca 2؉ -CaM
Fluorescence anisotropy measurements were performed at 20 C using a SPEX Fluorolog 2 frequency domain spectrofluorometer. For the anisotrophy measurements of Alexa488 fluorophore-coupled CaM (Molecular Probes), the The R133W clinical mutation disrupts binding between the c-NLS and importin-␤; however, nuclear import mediated by the n-NLS appears to be unaffected. In comparison, c-NLS/importin-␤-dependent nuclear import is active in the n-NLS mutants R75N and R76P; however, anomalous conformation of the mutant HMG.CaM complexes impair nuclear import mediated by the n-NLS. excitation wavelength was 495 nm, and the emission wavelength was 520 nm. Samples containing 20 nM CaM-Alexa488 and an increasing titration of the SRY HMG proteins were buffered in 25 mM Tri-HCl (pH 7.6), 1 mM CaCl 2 , 0.1 M KCl. The percentage of bound CaM was calculated from the anisotropy readings: %CaM Bound ϭ 100*(A-A free )/A 100%Bound Ϫ A free ). The concentration of SRY HMG box was increased until CaM binding was saturated. The data points generated were used to derive nonlinear fit curves using the Xmgrace computer program (Free Software Foundation, Cambridge, MA 
